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1 .  INTRODUCTION 

One o f  t h e  p r o m i s i n g  o p t i o n s  f o r  t h e  m a n u f a c t u r e  o f  l a r g e  

space sys tems i s  t h e  use  o f  luna;. m a t e r i a l s  f o r  c o n s t r u c t i o n ,  

p r o b a b l y  i n  s i t u ,  o f  t h e  r e q u i r e d  s t r u c t u r e  and as many o f  t h e  

o p e r a t i n g  components as can  b e  made from t h e  a v a i l a b l e  

m a t e r i a l s .  

The p r e s e n t  s t u d y  c o n s f d e r s  t h e  d e s i g n  o f  t h e  m a n u f a c t u r i n g  

f a c i l i t y  r e q u i r e d  f o r  such a s c e n a r i o .  The s t u d y  was i n i t i a t e d  

i n  F e b r u a r y  o f  1978 and t e r m i n a t e d  on  Augus t  31, 1979. Work 

was p e r f o r m e d  b y  t h e  Space Systems L a b o r a t o r y  o f  t h e  Depar tmen t  

o f  A e r o n a g t i c s  and A s t r o n a u t i c s ,  M.I.T.. The NASA M a r s h a l l  

Space F l i g h t  C e n t e r  C o n t r a c t i n g  O f f i c e r s  R e p r e s e n t a t i v e  was 

Georg F. von T iesenhausen.  The MIT P r i n c i p a l  I n v e s t i g a t o r  was 

P r o f e s s o r  R. H. M i l l e r ,  and t h e  S t u d y  Manager was D a v i d  B. S. S m i t h .  

T a b l e  1.1 l i s t s  t h e  M I T  s t u d y  p a r t i c i p a n t s .  

The f i n a l  s t u d y  o b j e c t i v e s ,  a r r f v e d  a t  a f t e r  d i s c u s s f o n s  

w i t h  MSFC and t a k i n g  i n t o  a c c o u n t  t h e  f i n d i n g s  o f  

comp lemen ta ry  s t u d i e s ,  a r e  l i s t e d  i n  T a b l e  1.2. 

1 



T A B L E  1 .1  : STUDY PARTICIPANTS 

P a r t i c i D a t i n a  Facul t v  

Rene H. K i l l e r  P r i n c i p a l  I n v e s t i g a t o r  
James W .  Mar 
Leon T r i l l i n g  
John F. E l l i o t t  
P. Guenther Werner 

Research S t a f f  

D a v i d  B.S. Smith S tudy  19anlger 
Alan B a n n i s t e r  
David L. A k i n  
Glen J .  K i s se l  
David 0. Dreyfuss  

P a r t - t i m e  S t u d e n t  Resea rche r s  

S y l v i a  I .  B a r r e t t  
Cra ig  R .  Car ignan 
John T .  Dorsey 
D.  S c o t t  Ebz rha rd t  
Douglas C .  f i n c h  
Jonathan  A .  Goldnzn 
Marc 3 .  Gronet 
Chris K .  Johannessen 
John 11. Jordan 
C h a r l e s  A .  L u r i o  
Carolyn S .  Major 
Kent C. M a s s e y  
Laura C .  Rodman 
J o e l  A .  Schwar t t  
Robert  E .  S u l l i v a n  
E r i c  0 .  Thie l  

2 



TABLE 1 . 2 :  UPDATED STUDY O B J E C T I V E S  

1)  D e f i n e  space  p r o g r a m  s c e n a r i o s  f o r  p r o d u c t i o n  

o f  l a r g e  space  s t r u c t u r e s  ( i n c l u d i n g  S P S ’ s )  

f r o m  l u n a r  m a t e r i a l s ,  and d e f i n e  i n  d e t a i l  t h e  

l a r g e  space  s t r u c t u r e  components t o  be p r o d u c e d .  

D e f i n e  the SMF r e f i n i n g ,  a l l o y i n g ,  a n d  o t h e r  
p r o c e s s e s  r e q u i r e d  t o  c o n v e r t  t h e  r e f i n e d  l u n a r  

m a t e r i a l  i n p u t s  i n t o  f e e d s t o c k  f o r  t h e  r e q u i r e d  

m a n u f a c t u r i n g  p r o c e s s e s .  

o t h e r  p r o c e s s e s  r e q u i r e d  t o  c o n v e r t  t h e  f e e d -  

s t o c k  i n t o  components  o f  l a r g e  space s t r u c t u r e s .  

4 )  D e f i n e  t y p e s  and q u a n t i t i e s  o f  E a r t h  m a t e r i a l s  

needed  i n  t h e  p r o d u c t i o n  o f  t h e  l a r g e  s p a c e  

s t r u c t u r e  components .  

5 )  D e v e l o p  c o n c e p t u a l  l a y o u t s  o f  a l l  m a j o r  SMF 
e q u i p m e n t  and  f a c i l i t i e s .  

6 )  D e s i g n  a “ r e f e r e n c e  SI.Ii”,  i n c l u d . i n g  d e f i n i t i o n  

o f  t h e  SMF o p e r a t i o n s ,  e q u i p m e n t ,  and  f a c i l i t i e s  

r e q u i r e d  t o  i m p l e m e n t  t h e  p r o c e s s e s  i n  ( 2 )  a n d  ( 3 )  
above,  i n c l u d i n g  s u p p o r t  e q u i p m e n t ,  s t o r a g e  f a c i -  

l i t i e s ,  p e r s o n n e l  r e q u i r e m e n t s ,  and  h a b i t a t i o n  

f a c i l i t i e s .  

2 )  

3)  D e f i n e  t he  SMF m a n u f a c t u r i n g ,  assembly ,  a n d  

7 )  P r e s e n t  a p r e l i m i n a r y  :-st a n a l y s i s  and a s s e s s -  

men t  w h i c h  i n c l u d e s  d e v e l o p m e n t ,  a c q u i s i t i o n  o f  

a l l  SHF e l e m e n t s ,  i n i t i a l  and o p e r a t i n g  c o s t ,  

m a i n t e n a n c e  and l o g i s t i c s  c o s t ,  c o s t  o f  t e r r e s -  

t r i a l  m a t e r i a l s ,  and t r a n s p o r t a t i o n  c o s t  f o r  e a c h  

m a j o r  e l e m e n t .  D e f f n e  u n c e r t a i n t i e s  and  s e n -  

s i t i v i t i e s  f o r  each  e l e m e n t .  

l a t e d  and g r a p h i c a l  f o r m  t h a t  w i l l  p e r m i t  o b -  

t a i n i n g  v a l u e s  f o r  a n y  i n t e r m e d i a t e  p a r a m e t e r s  

o t h e r  t h a n  t h o s e  u s e d  i n  the s t u d y .  

8) P r e s e n t  a l l  s t u d y  n u m e r i c a l  r e s u l t s  i n  t a b u -  
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In o r d e r  t o  p l a c e  t h i s  s t u d y  i n  c o n t e x t ,  the  fo l lowing  

compara t ive  summary may be hcl p f u l .  

1.1: THE SPACE MANUFACTURING FACILITY C O N C E P T  

Figure 1.1 p r e s e n t s  t h e  major  e l emen t s  i n  an e a r t h - b a s e d  

l a r g e  space  s t r u c t u r e  c o n s t r u c t i o n  s c e n a r i o .  Components o f  

l a r g e  space  s t r u c t u r e s ,  a f t e r  manufac ture  on E a r t h ,  a r e  launched  

t o  an Ea r th  O r b i t  Termina l .  There t h e y  a r e  repackaged  (pos-  

s i b l y  i n c l u d i n g  subassembly o f  l a r g e  space  s t r u c t u r e  components) 

a n d  f e r r i e d  t o  t h e  Geosynchronous O r b i t  Complex f o r  f i n a l  assem- 

b l y  and checkou t .  S t u d i e s  have shown t h a t  t h e  major  c o s t s  o f  

such a s c e n a r i o  i s  t h e  t r a n s p o r t a t i o n  from t h e  g r o u n d  t o  low- 

e a r t h  o r b i t  ( L E O )  o f  1 )  t h e  s t r u c t u r e  components and 2 )  the 

f u e l  r e q u i r e d  f o r  t h e  t r a n s f e r  o f  t h a s e  components t o  geosyn- 

chronous  o r b i t  ( G S O ) .  

An a l t e r n a t i v e  s c e n a r i o ,  aimed a t  r educ ing  t h e s e  c o s t s ,  i s  

p r e s e n t e d  i n  Fig. 1 . 2  ( a d a p t e d  frcm F i g .  1 o f  t h e  S O W ) .  In 

t h i s  sys tem,  most o f  t h e  m a t e r i a l s  r e q u i r e d  f o r  t h e  l a r g e  s o a c e  

s t r u c t u r e s  would be mined a i d  b e n e f i c i a t e d  on t h e  Moon, a t  a 

L u n a r  Resource Complex. These l u n a r  m a t e r i a l s  would t h e n  be 

l aunched  i n t o  space  t o  B ca rgo  T r a n s i t i o n  P o i n t ,  r epackaged ,  

and f e r r i e d  t o  a Space Manufactur ing F a c i l i t y .  T h i s  SMF would 

p r o c e s s ,  manufac tu re ,  a n d  assemble t h e  l u n a r  m a t e r i a l s  i n t o  

components c f  l a r g e  space  s t r u c t u r e s .  These components w o u l d  

t h e n  bc sh ipped  t o  t h e  Geosynchronous O r b i t  Complex and assem- 

b l e d  ( t o g e t h e r  w i t h  some t e r r e s t r i a l  components) i n t o  t h e  d e -  
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GS - G r o u n d  Base 
E'OT - E a r t h  O r b i t  Terminal 
GSOC- Geosynchronous O r b i t  

Terminal  

FIGURE 1.1: M A J O R  ELEMENTS OF EARTH-BASED 
CONSTRUCTIOrI SCENARIO 

s i red l a r g e  s p a c e  s t r u c t u r e s .  

T h e  p o t e n t i a l  advan tage  o f  t h i s  s c e n a r i o  o v e r  i t s  e a r t h -  

based c o u n t e r p a r t  i s  t h a t  t h e  b u l k  o f  t h e  ma te r i a ' l  r e q u i r e d  

comes from t h e  Moon. This  m a t e r i a l  t h e r e f o r e  has  a f a r  s m a l l e r  
g r a v i t a t i o n a l  f i e l d  t o  overcome than  m a t e r i a l  l a u n c h e d  from 

E a r t h :  t h e  ene rgy  r e q u i r e d  f o r  l u n a r  e s c a p e  a t  t h e  l u n a r  s u r -  

face is 4 . 5 %  o f  t h e  e n e r g y  requirement f o r  e a r t h  e s c a p e  a t  t h e  

Ea r th ' s  s u r f a c e .  In a d d i t i o n ,  t h e  l a c k  o f  l u n a r  a tmosphe re  

makes p o s s i b l e  t h e  use o f  c a t a p u t t s  ( such  d s  the  e l e c t r o m a g n e t i c  

m a s s - d r i v e r )  t o  l aunch  pay loads  w i t h o u t  use I f  p r o p e l l a n t .  

The l u n a r  sur f  e m a t e r i a l  c a n  a l s o  he r e f ined  t o  y i e l d  

p r o p e l l a n t s  for r o c k e t s .  These p r o p e l l a n t s  can fuel  l aunch  

sys t ems  from t h e  l u n a r  s u r f a c e  ( a n  a l t e r n a t i v e  t o  c a t a p u l t s ) ,  

5 



GB - 
EOT - 
LOT - 
LRC - 
TP - 
S M F  - 
GSOC - 

F I G U R E  1 . 2 :  M A J O R  E L E M E N T S  O F  LUNAR M A T E R I A L  S C E N A R I O  
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a n d  o r b i t a l  t r a n s f e r  v e h i c l e s  between v a r i o u s  p o i n t s  i n  the  

sys t em,  i n c l u d i n g  t h e  t r a n s p o r t a t i o n  l e g s  between LEO a n d  

l u n a r  o r b i t  ( L O )  and between LEO and GSO.  T h i s  use o f  l u n a r -  

d e r i v e d  fuel  can t h e r e f o r e  reduce t r a n s p o r t a t i o n  c o s t s  2ven 

f o r  t h e  r e q u i r e d  t e r r e s t r i a l  i n p u t s .  

However, t h e  l u n a r - m a t e r i a l  s c e n a r i o  r e q u i r e s  a nbmber o f  

f a c i l i t i e s  ( e . g .  l u n a r  b a s e ,  ca rgo  t r a n s i t i o n  p o i n t ,  SMF) and 

d e v i c e s  ( e . g .  l u n a r  l a n d e r s ,  TP-SMF i n t e r o r b i t a l  t r a n s p o r t s )  

not needed by t h e  e a r t h - b a s e d  c o n s t r u c t i o n  s c e n a r i o .  Also, 

pe r sonne l  must t r ave l  f a r t h e r  from Ear th  i n  t h e  l u n a r  m a t e r i a l  

sys t em,  add ing  t o  t h e i r  t r a n s p o r t a t i o n  c o s t s .  These f i n a n c i a l  

advan tages  and d i s a d v a n t a g e s  must be t r a d e d  o f f  t o  d e t e r m i n e  

t h e  most c o s t - e f f e c t i v e  approach t o  l a r g e - s c a l e  s p a c e  i n d u s -  

t r i a l i z a t i o n ;  hence t h i s  s t u d y ,  w h i s h  i n v e s t i g a t e s  one  o f  

t h e  key c o s t  e l emen t s  i n  t h e  l u n a r - m a t e r i a l  s c e n a r i o :  t h e  Space  

Manufac tur ing  F i r c i l i t y .  

F igu re  1 .3  p r e s e n t s  a m o r e  s p e c f f i c  s c h e m a t i c  o f  t h e  SMF 

concep t ,  showing major i n p u t s  and o l i t pu t s  { t h e s e  a r e  t r e a t e d  

i n  d e t a i l  i n  Volume I o f  t h e  m a i n  ! r e p o r t ) .  As d e s c r i b e d  

e a r l i e r ,  t h e  bulk o f  t h e  i n p u t  raw m a t e r i a l s  comes from t h e  

Moon; o t h e r  raw m a t e r i a l s  come from Ear th .  T h e  r e q u i r e d  p e r -  

sonnel a n d  l o g i s t i c s  s u p p l i e s  t r a v e l  between E a r t h  and t h e  SMF.  

T h e  most l i k e l y  s o u r c e  o f  power f o r  t h e  SMF i s  s o l a r  en- 

Thus t h e  e r g y ;  a l e s s  l i k e l y  a l t e r n a t i v e  i s  n u c l e a r  ene rgy .  

cos t  o f  ene rgy  for  t h e  S M F  o p e r a t i o n s  resembles  t h e  c o s t  p a t -  

tern ' o r  S P S ' s :  a l a r g e  i n i t l a ?  o u t l a y  f o r  t h e  s o l a r  a r r a y ,  
7 



F I G U R E  1.3:  SPACE MANUFACTURING 
F A  C I L I TY C O N  CE P T 



f o l l o w e d  b y  a v e r y  l o w  o p e r a t i n g  c o s t  ( d u e  t o  t h e  absence  o f  

need  f o r  f u e l  and t h e  l o w  m a i n t e n a n c e  r e q u i r e m e n t ) .  Thc , J . .  

for l o n g  o p e r a t i n g  t i m e s ,  t h e  c o s t  of e n e r g y  i n  SIIF o p e ,  , t t i :ns 

can be s u b s t a n t i a l l y  l o c e r  t h a n  t h e  c o s t  o f  e n e r g y  i n  e a r t h  

m a n u f a c t u r e ;  t h i s  i s  a n o t h e r  p o t e n t i a l  c o s t  r e d u c t i o n  i n  t h e  

l u n a r  m a t e r i a l  s c e n a r i o  o v e r  t h e  e a r t h - b a s e d  c o n s t r u c t i o n  

s c e n a r i o .  

The l o c a t i o n  o f  t h e  S M F  w a s  u n s p e c i f i e d  i n  the  SOW, and 

r e m a i n e d  open d u r i n g  t h e  c o n t r a c t .  A number o f  l o c a t i o n s  a r e  

p o s s i b l e  ( e . 9 .  l u n a r  o r b i t ,  t h e  Lagrange  p o i n t s ,  r e s o n a n t  

ea r th -moon  o r b l t s ,  GSO), b u t  t h e  d e t e r m i n a t i o n  o f  t h e  o p t i m u m  

l o c a t i o n  depends on t r a d e o f f s  i n v o l v i n g  t r a n s p o r t a t i o n  s y s t e m s ,  

p e r s o n n e l  s t a y  t i m e ,  and a v a i l a b i l i t y  o f  m a t e r i a l s  and e n e r g y ,  

w h i c h  a r e  beyond t h e  scope o f  t h i s  c o n t r a c t .  I n  a n y  case,  

l o c a t i o n  had l i t t l e  e f f e c t  on t h e  d e s i g n  o f  t h e  SMF p r o d u c t i o n  

e q u i p m e n t ;  t h e  a r e a s  a f f e c t e d  a r e  p o i n t e d  o u t  and  d i s c u s s e d  

t h r o u g h o u t  t h e  r e p o r t .  

9 



2 .  S M F  - INPUTS A N D  OUTPUYS -- 

The major assumptions on w h i c h  t h i s  s t u d y  i s  based a r e  

listed I n  T a b l e  2 . 1 .  

The types  and q u z n t i t i e s  o f  m a t e r i a l s  i o  t h e  S M F  o u t p u t s  

a r e  l i s t e d  i n  Table  2 . 2 .  

The f n p u t s  t o  t h e  S M F  a r e  l i s t e d  i n  Table  2.?. 

TABLE 2.1: G E N E R A L  ASSUMPTIONS 

SMF Produc t s  : 
SMF o u t p u t  i n c l u d e s  S P S  components.  
SPS's produced a r e  t h e  JSC-i3oeing 
b a s e l i n e  d e s i g n ,  modi f ied  t o  use 
l u n a r  m a t e r i a l s .  
Beyond t h e  l u n a r - m a t e r i a l  s u b s t i -  
t u t i o n s ,  t h e r e  a r e  no major  r edes ign .  
o f  t h e  SPS. 

SMF Lunar I n p u t s :  
P o s s i b l e  I n p u t s  a r e  s i l i c o n ,  s i l i c a ,  
aluminum, i r o n ,  ca l c ium,  magnesium, 
t i t a n i u m ,  oxygen,  and s l a g .  
I n p u t s  a r r i v e  a t  t h e  SMF i n  r e - f ined  
c o n d i t i o n .  
I n p u t s  a r r i v e  a t  t h e  S M F  i n  s p e c i a l -  
i z e d  s h a p e s ,  e . g .  r o d s .  

Technology L e v e l  i n  S M F  Design: t h e  y e a r  1990.  
c_ 
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TABLE 2 . 2  TYPES AND QdANTITIES OF M A T E R I A L S  I N  - 
SMF OUTPUTS 

( for  1 10-GW SPS w i t h o L  g r o w t h  margin) 
Masses (fn tonsl  Lunar Inputs 

A t  (taka1 mass, 3.8 x 10 I ) 

In solar ce l l  arrays 
In structurat member rlbbon 
I n  klystron assemblies 
I n  waveguides 
In busbar strips 
In DC-DC converters 
ID electrical wirrs and sables 
In DC-DC converter radiators 
In end .join?s 
ID joint clusters 

s i  o2 
'In solar c e l l s  - 

si (total mass, 1 . 3  x 104) 
In solar ce drrays 
In structural member r ibbon  
l a  DC-DC converters 
I n  end joints 
In joint clusters  

1 . 3  lo3 

1.0 10' 
1.0 x lo2 
2:a x i o 3  

3.8 x 10 2 

2.3 x 1C' 

3.0 x lo2 

5 .6  X lo2 
8 
8 

3.0 10' 

4 1.3 x IO 
92 

1.0 x lo2 
nag1 1 g i  b?e 
ncglipible 

(con t I n u e d )  



U B L E  2.2 C o n t i n u e d  

Lunar f n p u  t s  

Natural  Lunar  Glass 
I n  waveguides 

Fe ( t o t a l  masss  1.6 x lo3)  
In k lys t ron  assembl f e s  
In DC-DC conver t e r s  

- 

3 S-Glass ( t o t a l  mass, 1.4 x 10 . )  
fn k lys t ron  assembl ies  
In DC-DC conver t e r s  
In e l e c t r i c a l  w i re s  and cab le s  

Hg ( t o t a l  mars, 1.6 x 10 ) 
In s t r u c t u r a l  member r i b b o n  
I n  end j o i n t s  
In j o i n t  c l u s t e r s  

2 

Earth I n p u t s  
Klystron P a r t s  

DC-DC Converter P a r t s  

Kapton f a p e  

Foaming A g e n t s  

Dopants  

In k lys t ron  assenbl  i e s  

In DC-;.. conver t e r s  

In s o l a r  c e l l  a r r a y s  

In waveguides 

I n  s o l a r  c e l l  a r r a y s  

!!asses ( i n  t o n s )  

1 .1  lo4 

7.3 x l o 2  
8.5 x 10 2 

2 
2 
2 

9.0 x 10 
1.9 x 10 
2.9 x 10 

2 1.6 x 10 
n e g l i g i b l e  
n e g l i  g i  b l  e 

3.2 l o 3  

6.3 x 10 2 

2 3.9 x 10 

2 1.5 x 10 

negl i g i  b l  e 

Ootal Mass 5 1.0 x 10 Tons 
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T A B L E  2 . 3  _ _  TYPES AND QUANTITIES 3 F  E lATERIAL I N P U T S  - 
FOR THE REFEREI':CE S M F  

~~ ~ 

( f o r  1 10-GW S P S  w i t j o u t  growth m a r q i n )  
I - _ '  _. --. - .- .- --- , 

Lunar Inputs  
AI ( t o t a l  mass, 4.4 x l o 4 )  

In  s o l a r  c e l l  a r r a y s  
I n  s t r u c t u r a l  member ribbon 
I n  k l y s t r o n  assemblies  
I n  waveguides 
I n  busbar st r ips  
I n  DC-DC C o n i e r t e r s  
I n  e l e c t r i c a l  wires  and c a b l e s  
I n  OC-DC c o n v e r t e r  r a d i a t o r s  
I n  end j o i n t s  
In j o i n t  c l u s t e r s  

I n  so l t r  c e l l s  
S i  ( t o t a l  mass, 2.7 x 10 ) 

I n  s o l a r  c e l l  a r r a y s  
I n  s t r u c t u r a l  member r i b b o n  
I n  DC-DC c o n v e r t e r s  
I n  end j o i n t s  
I n  j o i n t  c l  u* ters  

Natural  L u n a r  Glass 
I n  waveguides 

Fe ( t o t a l  m a s s ,  1 .7  x l o 3 )  
I n  k l y s t r o n  assemblies  
I n  DC-DC c o n v e r t e r s  

I n  k l y s t r o n  assemblies  
I n  DC-DC c o n v e r t e r s  
In e l e c t r i c a l  wires a n d  cab le s  

Hg ( t o t a l  mass, ; . 8  x i o  ) 

s io*  

4 

S-Glass ( t o t a l  mass, 1.5 x 10 3 ) 

2 

I n  s t r u c t u r a l  member r i b b o n  
I n  end J o i n t s  
I n  j o l n t  c l u s t e r s  

!lasses ( i n  t o n s )  - 
3.1 x 10 3 (58% w a s t e )  
2.5 x 10 4 (10% w a s t e )  
1.1 x 10 4 (102 w a s t e )  
1 - 7  x 10 2 (39% waste) 

3.1 x l o 3  (10% w a s t e )  
3.3  x 10' (10% w a s t e )  
4.2  x l o2  (10% w a s t e )  
6 .2  x 10 2 (10% w a s t e )  

9 (10% w a s t e )  
9 (10% waste) 

5.0 x . io  4 h o g  was te )  

4 
2 

2.7 x 10 (52% was te )  
1.0 x 10 (10% w a s t e )  
1.1 x IO? (10% w a s t e )  
negl i g i  bl  e 
n e g l i g i b l e  

4 1.8 x 10 (372 was te )  

8.0 x IO2 (10% w a s t e )  
9.4 x 10 (10% w a s t e )  2 

9.9 x 10 2 (10% w a s t e )  
2 2-1  x 10 (10% w a s t e )  

3.2 x 10' (10% w a s t e )  

1 .8  x l o 2  (10% w a s t e )  
n e g l  i g i  bl e 
n e g l  i g f  b l e  

( c o n t i n u e d )  
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TABLE 2.3 C o n t i n u e &  

Earth I n p u t s  Masies ( I n  tons)  
Klystron Parts 

D C - D C  Converter Parts 

Kapton Tape 

Foaming Agents  

I 3 . 5  x (IOZ waste) I n  klystron assemblies 

I n  DC-DC converters 

I n  solar c e l l  arrays 

Xn waveguides 

I 

7.0 x lo2  (10% waste) 

4 . 2 x  lo2 (10% waste) 

2 . 4  x lo2 ( 3 7 %  waste) 

Dopants 
negl i g i  bl e In so lar  c e l l  arrays 

Total Mass 1 . 5  x 10 5 Tons 

1 4  



- 3 .  D E S I G N  OF THE SPIF 

The c o m p l e t e  SMF c o n c e p t  d e v e l o p e d  i n  t h i s  s t u d y  i n c l u d e d  

sortie s i x t y  subsys tems,  each o f  w h i c h  had many components.  F o r  

t h e  pu rposes  o f  t h i s  summary, and for i l l u s t r a t i v e  pu rposes ,  

o n l y  two  o f  t h e  subsys tems w i l l  be  d i s c u s s e d .  These a r e  t h e  

d i r e c t  v a p o r i z a t i o n  p r o c e s s  and t h e  a T l o y i n g  f u r n a c e .  

The o v e r a l l  l a y o u t  o f  t h e  SMF i s  shown i n  Fig.3.1.  I t  

c o n s i s t s  o f  f i v e  p r i n c i p a l  s e c t i o n s .  The i n p u t / o u t p u t  s t a t i o n  

r e c e i v e s  t h e  r a w  m a t e r i a l s  f r o m  t h e  Moon, and t h e  r a w  m a t e r i a l s ,  

l o g i s t i c s  s u p p o r t ,  and p e r s o n n e l  f r o m  E a r t h .  I t  a l s o  d i s p a t c h e s  

t h e  f i n i s h e d  p r o d u c t s  t o  t h e i r  d e s t i n a t i o n s .  The p r o d u c t i o n  

work  i s  done i n  a s e t  o f  f a c t o r i e s  w h i c h  w i l l  be  d i q c u s s e d  i n  

more d e t a i l  l a t e r .  A h a b i t a t i o n  s e c t i o n  houses t h e  o n s i t e  

p e r s o n n e l ,  and a p o w e r p l a n t  f eeds  e l e c t r i c a l  power t o  a l l  

s e c t i o n s  o f  t h e  SMF. The p r o d u c t i o n  c o n t r o l  s e c t -  Y nanages 

t h e  o p e r a t i a n s  o f  the  e n t i r e  f a c i l i t y ;  t h i s  s e c t i o n  i s  a 

g e n e r a l  f u n c t i o n  r a t h e r  t h a n  a s e p e r 3 t e  f a c i l i t y .  

I n  o r d e r  t o  p r o v i d e  a b a s i s  f o r  t h e  d e s i g n  and c o s t i n g  o f  

a Space M a n u f a c t u r i n g  F a c i l i t y ,  i t  was  d e c i d e d  t o  use  t h e  

m a n u f a c t u r e  o f  s c l a r  power s a t e l l i t e s  as a c a s e  example .  The 

s o - c a l l e d  ' r e f e r e n c e  SMF' i s  t h e r e f o r e  d e s i g n e d  and s i z e d  t o  

p r o d u c e  one 10-GW s o l a r  power s a t e l l i t e  (SPS) p e r  y e a r .  The 

SPS d e s i g n  used  w a s  t h e  N A S A  Johnson Space C e n t e r /  B o e l n g  

Aerospace  b a s e l i n e  d e s i g n  w i t h  l u n a r - m a t e r i a l  s u b s t i t u t i o n s  

f o r  t h e  E a r t h  m a t e r i a l  components w h e r e v e r  p o s s i b l e .  The 
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Lunar Inputs 

Ql 

I 
4 

Personnel 

Consuma bl es Electrlcal Power 

Per ionnel 
8- 

HABITATION .f 

So1 ar 
c-,Energy 

Inputs to  Factories Electrlcal Power 
FACTOR1 ES 

, Outputs SMF Products - t o  SPS 
01 Asscxbly 

Earth Inputs  
Personnel 

Control 
Wastage 

I con tro1 PRODUCTION Control 
' 

. Oectricai Power CONTROL 

J E l  ec trqcal Power 

FIGURE 3 . 1 :  OVERALL LAYOUT OF REFERENCE SHF - 



output of the.reference Shr' i s  therefore roushly 100,000 tons per year, of 

which 4300 tons are materials and components brought from Ear th .  An addi- 

tional 3410 tons of earth Components are  added t o  the SPS d u r i n g  assembly. 

Thus the lunar-material percentage of the completed SPS is  roughly 90%, 

The o u t p u t  products of the SMF o f  Table 2.2 are summarized i n  Table 3.1 

Although the SMF products i n  the l i s t  are components o f  solar power sa te l l i t es ,  

many could be components of other structures as well. 

ce l l s ,  structural members, end joints,  joint  clusters, radiators, and electr i -  

cal wires and cables could be used i n  a wide variety o f  sa t e l l i t e s .  

products ( i  .e. DC-DC converters klystron assemblies) are representative of 

some of the sophisticated cornponentswhich n i g h t  be used i n  space equipment. 

Therefore the reference SMF, t h o u g h  keyed t o  the production o f  the SPS, i s  a 

useful example o f  space manufacturing f ac i l i t i e s  i n  general. 

For example, solar 

Other 

TABLE 3.1: SMF OUTPUTS 

Solar Cell s 

S t r uc t u ra 1 Flem be r s 

Klystron Assemblies 

Waveguides 

Bu s bar S t r i ps 

5C-DC Converters 

DC-DC Converter Radiators 

Electrical Wires and Cables 

End +Joir.ts 

J o i n t  Clusters 

1 7  



Table 3.2 l i s t s  the SMF i n p u t  materials. From the Moon come aluminum, 

iron, si l icon, and magnesium i n  metallurgical grade-purity, optical quality 

s i l i ca  glass, fiber-quality S-glass, natural lunar glass, and propellant-grade 

oxygen. From the Earth come klystron, and DC-DC converter components which 

are  too d i f f icu l t  to  manufacture i n  space, kapton and dopants for  the solar 

ce l l s ,  and glass foaming agents (e.g., sulfates,  carbon, water) which are un- 

available on the Moon. 

TABLE 3.2: SMF INP'JTT 

FROM THE MOON 

A7 umi num 

Iron 

Si1 icon 

Silica 

S-glass 

Natural Lunar Glass 

Magnesi urn 

Oxygen 

FROM THE EARTH 

Klystron Parts 

DC-DC Converter Parts 

Kapton Tape 

Dopants 

Glass Foaming Agents 

A rough sketch o f  the reference SMF i s  shown i n  F ig .  3.2. The physical 

layout of the factories i s  planar, i .e.,  the thickness of the equipment (into 

the paper i n  the figure) is  on the order of 10-20 meters. A t  the r i g h t  i s  

the solar array, which i s  perpendicular t o  the plane of  the factories,  and 

which shields the SMF from direct s u n l i g h t .  

18 
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From the solar array extends a certral  trusswork mast. The habitation 

section and the factories ;.z attached to  this  central mast via flexible 

joints;  damping systems i n  the joints prevent the spread o f  vibrations, p a r t i -  

cularly into the solar-cell factory. The solar cell  factory appears large 

because the chosen production sequence uses deposition processes, which re- 

quire large areas. The individual production l ines i n  the solar cell  factory 

r u n  from bottom to  top  i n  the figure. 

The habitat is  a cylindricbl cluster of Shuttle external t a n k s ,  shown 

part ia l ly  h idden  by one o f  its two rad ia to r s ,  

are  omitted for c la r i ty . )  The habitat i s  radiation-shielded w i t h  l una r  

nttterials. The i n p u b / o u t p u t  station is  sized to  hold cargo containers carry- 

i n g  four months of SMF i n p u t s  and OQtputs, and personnel modules for crew- 

rotation. 

(Radiators for  the factories 

The 'factories '  box i n  Fig .  3.1 is  expanded into a layout of  major opera- 

tions i n  F i g .  3.3. The reference SMF can be conceptually separated into three 

Rajor factories: 

no:ning operations grouped i n t o  the 'components' factory. T h i s  separation is  

possible because each factory has i t s  own s e t  of material  inputs and process 

equipment, different from those of the other factories (e.g.¶ the materials 

and equipment used i n  solar cell  production are unlikely candidates for the 

production of other SMF outputs). W i t h i n  the components factory, however, 

materials and equipment are shared between a variety of products, t o  minimize 

equipment requi rernents. 

the solar cell factory, the waveguide factory, and the re- 
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As an example o f  the procedure used f o r  p re l im inary  design o f  SMF equip- 

ment, the ' so la r  c e l l  product ion'  box i n  Fig. 3.3 was f i r s t  separated i n t o  the  

basic processes l i s t e d  i n  Table 3.3. 

s tud ied  t o  i d e n t i f y  candidate processes p o t e n t i a l l y  su i  t a b l e  f o r  the  SMF. 

For example, candidate processes f o r  the  product ion o f  s i l i c o n  wafer a re  l i s t -  

ed i n  Table 3.4, w i t h  advantages and disadvantages. 

t r a d i t i o n a l  Czochral s k i  i ngo t  growth t o  the h i g h l y  experimental d i r e c t  vapor i -  

zat ion.  

Each o f  these basic processes was then 

Processes range from the 

The product ion o f  so la r  c e l l s  a t  a r a t e  roughly two t o  th ree  orders o f  

magnitude higher than cur ren t  ea r th  product ion i s  the l a r g e s t  techn ica l  

challenge i n  the design o f  the space manufacturing f a c i l i t y .  

processes fur s o l a r  c e l l  manufacture were there fore  s tud ied i n  depth, w i th  

p a r t i c u l a r  emphasis on development o f  processes which would take advantage o f  

environmental factors pecu l ia r  t o  space. 

The candidate 

For the  product ion of s i l i c o n  wafer, 

TABLE 3.3: B A S I C  PROCESSES I N  S I L I C O N  
SOLAR CELL PRODUCTION 

P u r i f i c a t i o n  o f  meta l lu rg ica l  grade s i l i c o n  
t o  semiconductor grade s i l i c o n  

Production o f  doped s i l i c o n  wafer 

Appl icat ion o f  e l e c t r i c a l  contacts 

Production o f  subst rate and o p t i c a l  cover 

Cel l  in terconnect ion and ar ray  bui ldup 
~~~ ~~~~ ~~ 

the candidate chosen f o r  the reference SMF was d i r e c t  vapor iza t ion  (DV), 

2 2  



T A B L E  3 . 4 :  SILICON W A F E R  P R O D U C T I O N  

Zone R e f i n i n g  and 
C u t t i n  3 

E d g e - d e f i  ned  
F i l m - f e d  Growth  

ALTERNATIVE P R O C E S S E S  

O H i g h  q u a l  i t y  

o E x i s t i n g  Tech 

O E x i s t i n ;  Tech- 

oLow w a s t e  o f  

o H i g h  q u a l i t y  

c r y s t a l  

n o l o g y  

no1 ogy  

ma t e r i  a1 

c r y s t a l  

C r y s t a l  Growth  
Ppncesses  Advantaaes  

~ ~ ~~ 

Chemica l  Vapor  
D e p o s i t i o n  and 
L e c r y s t a l l i z d t i o n  

Ceramic  P l a t e  D i p p i n g  

o Compa t i  b1 e v r i  t h  
some r e f i n i n g  
p r o c e s s e s  

oLow m a t e r i a l  
w a s t e  

C z o c h r a l s k i  I n g o t  
Growth  

O H i  gh q u a l  i t y  

O E s t a b l i s h e d  t e c h -  
c r y s t a l  

n o l o g y  

D e n d r i t i c  Web OLow w a s t e  o f  

O H i g h  q u a l  i t y  
m a t e r i a l  

c r v s t a l  

. D i s a d v a n t a q e s  

o k e q u i r e s  g r a v i t y  o r  

DNot  l i k e l y  t o  y i e l d  
e q u i v a l e n t  

s u f f i c i e n t  c e l l  e f f i -  
c f e n c y '  

equ i .la 1 en  t 

s u f f i c i e n t  c e l l  e f f i -  
c i e n c y  

e q u i v a l e n t  

m a c h i n e s  

e q u i v a l e n t  

o R e q u i r e s  g r a v i t y  o r  

DNot  l i k e l y  t o  y i e l d  

- 
o R e q u i  r e s  g r a v i t y  or  

o H i g h  w a s t e  o f  m a t e r i a l  
o R e q u i r e s  many s a w i n g  

o R e q u i r e s  g r a v i t y  o r  

o H i g h  w a s t a g e  o f  m a t e -  

o S l o w  p r o c e s s  / many 
r i a l  

m a c h i n e s  

o H i g h  w a s t a g e  o f  m a t e -  

o S l o w  p r o c e s s  / many 
r i a l  

m a c h i n e s  

oMany m a c h i n e s  r e q u i r e d  
oNeeds p r e s s u r i z e d  

c o n t a i n e r s  

o R e q u i r e s  E a r t h  i n p u t s  
o R e q u i r e s  p r e s s u r e  v e s -  

s e l s  a n d  r e c i r c u l a t i o n  
e q u i p m e n t  

0Requ i re .s  a d d i t i o n a l  p r o -  
c e s s e s  t o  a c h i e v e  s u f -  
f i c i e n t  c r y s t a l  q u a l i t y  

s u b s t r a t e  and r e a r  
c o n t a c t  

( c o n t i n u e d )  
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T A B L E  3 . 4  Continued 

C r y s t a l  Growth 
P rocesses  

*Di r e  c t Va po r i t a t  i on 
a n d  R e c r y s t a l l i z a t i o n  

D o p i n q  P rocesses  
D i  f fus i  on 

*Ion I m p l a n t a t i o n  

Co-depos i t ien  

Advantages 
o Concep tua l ly  

simple 
oDoes no t  r e q u i r e  

p r e s s u r e  v e s s e l s  
oWafer  can be 

d i r e c t l y  depo- 
s i t e d  on to  c e l l  
s u b s t r a t e  and 
r e a r  c o n t a c t  

oWell  adapted  t o  
sDace environment 

b E s t a b l i s h e d  t c c h -  
no1 ogy 

D E x i s t i n g  t e c h -  
no1 ogy 

o E a s i l y  automated 
on a l a r g e  s c a l e  

oGood c o n t r o l  o v e r  
dopants  

oCan reduce t ime 
and compiexi t y  
o f  s o l a r  c e l l  
p roduc t ion  

D i s a d v a n t a g e s  

ava i l ab : .  
o l i t t l e  s o l i d  d a t a  

oSome w a s t e  o i  m a t e r i a l  
a R e q u i r c s  many material  

s o u r c e s  
o R e q u i r e s  3 , d d i t i o n a l  

procesc t o  t ichieve 
suff i ; .  c r y s t a l  
q u a l i t y  

T 

DUsual l y  r e q u i r e s  

o D i f f i c u l t  t o  c o n t r o l  
15 q u i  d app l  i c a t i o n  

doDants 
o Induces  d L f e c t s  i n  

C r y s t d l  s t r l r c t u r e  
oRequi res  c l o s e d  

c u r r e n t  l o o p  

o-May n o t  be compa t ib l e  
w i t h  a l l  s i l i c o n  
w a f e r  p r o d u c t i o n  p r o -  
c e s s e s  

oOnly a p p l i c a b l e  t o  
p-dopant  i n  s e v e r a l  
w a f e r  p r o d u c t i o n  p ro -  
c e s s e s  

*Chosen f o r  r e f e r e n c e  SMF 
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because o f  i t s  h igh  l e v e l  o f  adaptat ion t o  the space environment: 

p r i nc ipa l  requirements a re  vacuum and energy, both cheaply a v a i l a b l e  a t  the 

SMF. 

a t t r a c t i v e  f o r  large-scale use on Earth; space o f fe rs  a design environment 

which i s  no t  o n l y  phys i ca l l y  but  economically d i f f e r e n t  P.om Earth';. 

i t s  

I t  should be noted t h a t  those same r e q u i r c m n t s  t m d  t o  make 3 V  un- 

Because the  DV process i s  h i g h l y  experimental and the r e s u l t s  i n  many 

cases propr ie ta ry ,  an experimental program was conducted us ing e x i s t i n g  vacuum 

and EB gun f a c i l i t i e s  a t  MIT t o  determine the fac to rs  c o n t r o l l i n a  t h e  q u 8 l i t y  

o f  vspor deposi t ion o f  s i l i c o n  as a func t ion  o f  the c o n t r o l l i n g  parameters, 

such as subst rate temperature and ra te .  

the  repor t ,  were encouraging. 

The results,discussed i n  the  body o f  

A f t e r  the  se lec t i on  o f  reference SMF procksses came the p re l im inz ry  

design o f  product ion equipment. 

device t o  de2osi t  so la r - ce l l  rear  contact -  (OV was selected f o r  several  so la r -  

c e l l  product ion s teps) .  The device consis ts  o f  a moving b e l t  upon which :he 

mater ia l  i s  deposited 3 s lab  whicS serves as a mater 1 source, an e lec t ron  

beam gun t o  vaporize m a t e r i a l  from the slab, and a se t  o f  b a f f l e s  t o  conta i  

the vaporized mater ia l  t o  prevent contamination o f  neighboring equipment. 

The use o f  de f l ec t i on  c o i l s  and the geometry o f  the device ,re intended to  

mtximize the impact angle o f  the e lect ror i  beam ( t o  avoid e lec t ron  sprayoff) ;  

t o  keep the s lab  h i t h i c  a hal f -meter o f  the be? t  ( a t  the  o p v a t i n g  pressure 

of Torr, t h i s  s roughly ;ne mean f r e e  path o f  the vaporized atoms); 

and t o  a l l c w  access t o  the equipment f r o m  above ( f o r  maintenance, repa i r ,  

Fol lowing the example, Fig. 3.4 shows a DV 

and R a t e  I n J u t )  
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The design procedure outlined above led t o  a complete solar cel l  

production system, shown i n  Fig. 3.5. A series of  deposition sections bui lds  

up  the solar cell  material i n  layers onto a s e t  o f  moving belts. The cell  

material i s  then cut into individual ce l l s ,  which are  interconnected and 

b u i l t  into panels and  arrays. 

SPS assembly s i t e .  

production sequence, identifying production steps. 

t ive,  since deposition rates are a t  present uncertain. 

The arrays are then packaged and shipped to  the 

Figure 3.6 i s  a side view schematic o f  t h e  solar cell  

The dimensions a re  tenta- 

As another example of the design procedure, the 'metals furnaces, casters '  
A set box i n  Fig.  3.3 was expanded into a detailed layout, shown i n  Fig. 3.7. 

of iron and a l u m i n u m  melting furnaces feed a series o f  casting devices to 

produce metal %labs and other components. 

i n  Fig. 3.8 i s  ano the r  example of a space-specific design. 

induction furnace, consisting of  a refractory container surrounded by induction 

coils. 

currents), t o  conta in  the melt (by magnetic force from l e f t  t o  r i g h t  i n  the 

figure),  ? n d  t3 s t i r  in the alloying elements (by inducing rotation i n  the 

spherical alloying chamber). The material i s  fed i n  as rods, though other 

shapes are possible. The furnace does n J t  require a pressurized enclosure. 

Al though induction furnaces are  used on Ear th ,  th is  design includes consider- 

able reductions i n  equipment mass, because i t  i s  sized for dynamic loads 

(most12 handling d u r i n g  maintenance and repair)  rather t h a n  the large s t a t i c  

weight l o a d s  in one-9, and becauze i t  uses the available vacuum t o  avoid con- 

tamination o f  the me1 t .  

The individual equipment designs were then tabulated on specifications 

The a l u m i n u m  melting furnace, shown 

I t  is  a magnetic 

The coi ls  a r e  used t o  heat the a l u m i n m  (ohmic heating by induced eddy 

sheets, as shown i n  Fig. 3.3,  each sheet describes one 'machine'. 

rolrghly 60 'machines' i n  t h e  reference SMF, most with 4 o r  5 components. 

There are 
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w \/ 

Mg Rods SI Rods 
l e 0  tons 100 tons 

Fe Rods 
1.700 tons  

r 
DIE CASTER SOLENOID POLES 

! RON 800 tons 

I 1- TRANSFORMER CORES 
Mol t e n  SEFIDUST A1 loy 

1700 tons 

M E L T I N ~ A L L O Y  I N G  
FURNACE 

4 1100 tons 

0 Indlcates an In terna l  Storage Device 

* SENDUST Alloy Is 85XFe. I O X S f ,  5XA1.  
** A I  6063 Alloy i s  38.9XA1, 

0 .731~~ ,  0 .4XS1.  

A1 Rods 3 
44000 tons 

9 TONS 9 TONS 

( A f t e r  f O X  wastage: 8 tons) (After 1 Z wastage; 8 tons) 

1 
14700 tons 13 7 00 tons 

SOLENOID CORES 
1100 tons 

KLYSTRON HOUS [NGS 

ALU INUM 

FURNACE 
I 
Molten A1 

MELTING 1 ALLOYING 
4100 tons 
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F I G U R E  3.9: S P E C I F I C A T I O N  SHEET 

Rachine Name: Aluminum Alloying Furnace 

Casing 

Coi 1 s 

Radiator & Pipes 

Controller 

Function o f  Machine: To produce e i t h e r  molten A 1  

Mass o f  Machine: 1 2 1 5  k g  

Physical Dimensions: 4 . 8  m length;  . 7  m maximum 

Throughput/Machine ( t o n s / y e a r ) :  1 . 4  x 10 4 .  

Power Requirements (KW/machine): 1150  

Number o f  Machines: 3 \a 
L t  

. Q l r  
ns 
E O  

ffumber o f  Operators: 0 
s a  

v 

1 -150 I 0 

1 60 1 1  50  

1 1000 10  

1 5 .1 

o r  A 1  a l l o y  

diameter 
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4. THE COST OF THE SPACE MANUFACTURING FACILITY 

Costing sheets (see Fig.  4.1) were t h e n  developed from the specifization 

sheets . The procurement costs, duty cycles , repai r 1 a bar, and rep1 acement 

parts requirements were defined through 1 iterature search and consu’tations 

w i t h  experts i n  industry and academia. Research and development costs were 

estimated according to a high,  medium, or low technology rating on the compo- 

nents as shown i n  Table 4.1 ( i n  dollars per kg) 

TABLE 4.1 : COSTING B A S E L I N E  

R 8 D  Procurement 

Low 500 50 

Med i urn 5DOO 500 

H i g h  20009 2000 

U1 t r a - h i  g h  100000 1 ooc0 

The data from the costing sheets adds up to  some 3000 numbers impacting 

overall SMF cost. Th l s  data was i n p u t  t o  a l ine  item costing computer pro- 

gram which calculated nonrecurring and recurring costs of the SMF, i n c l u d i n g  

computations of personnel totals ,  logistics,  power, and consumables require- 

ments, mass to ta l  s, transportation requirements, and their  associated costs. 

W i t h  the results from the baseline, i t  i s  interesting t o  do a variation 

of parameters analysis t o  f i n d  solution sensit ivity.  

effect  of normalized failure rate on the crew size of the SMF. 

failure or duty cycle for each machine or process i s  printed out i n  the pro- 

gram o u t p u t  given i n  the Appendix to  the main report. For example, the base 

Figure 4.2 shows the 

The normalized 
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case duty cycle for the solar cell  factory i s  96.2%. The abcissa of this 

graph is  the log of the fai lure  rate,  normalized to  the baseline component 

failure rates. Therefore, -1.0 represents a system i n  which individual com- 

ponents are ten times less ll'kely t o  f a i l ,  whereas 1.0 is a system w i t h  com- 

ponents ten times more 1ikely.to malfunction. I t  can be seen that  crew size 

increases rapidly w i t h  increasing fai lure  rates. The difference i n  the two 

curves ("human" vs. "automated" repair) refers to  a tradeoff between repair 

options 2 and 4 i n  the solar cell  factory; t b a t  is ,  whether the parts replaced 

by the crawler are repaired by people or automated repair machinery. A l l  on- 

si te  work i n  the solar cell  factory is st i l l  performed remotely; a l l  repair 

i n  the components factory i s  done manually i n  ei ther case. The resul ts  shown 

here indicate that  i t  i s  better t o  automate the repair shop, although the 

difference i n  crek requirements is  not  large. 

Figure 4.3 shows the same variation i n  component dut:* cycles, this time 

plotted against nonrecurring and recurring costs. 

the program implementation can be clearly seen i n  this figure: tha t  there is 

an interrelationship between equipment re1 i a b i l i t y  and i n i t i a l  (R&D and pro- 

curement) cost. 

problem; and i n  the f i n a l  analysis, a log-linear relationship between duty 

cycle and R&D and procurement costs was assumed. 

of h i g h  technology, R&D cost was $20,00O/kg, and procurement cost was 

$2,00O/kg. 

less l ikely t o  f a i l ) ,  the i n i t i a l  costs also varied by a factor o f  10, t o  

$200,00O/kg and $20,00O/kg, respectively. 

One assumption used i n  

A scarcity o f  data exists which i s  applicable t o  this 

Thus, for  the baseline case 

I f  the component du ty  cycle varied from 99% to  99.9% (10 times 

Similarly, a v a r i a t i o n  in the 
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basel ine duty  cyc le  down t o  90% reducej  costs t o  $2000/kg and $200/kg. 

The e f fec t  o f  a s izable charge I n  the  duty  cyc le  was there fore  equiva lent  t o  

increas ing o r  decreasing tne  estimated technology l e v e l  c f  t h e  component. 

The e f f e c t s  o f  t h i s  assumption are evidenced i n  the curves i n  F ig .  4.3. 

Figure 4.4 expands the  scale o f  t h e  ordinate,  f o r  a b e t t e r  v iew o f  the  

t rends o f  nonrecurr ing costs. A t  lower f a i l u r e  rates,  the  equipment has 

higher i n i t i s l  costs. However, as the  f a i l u r e  r a t e  increases, t h e  nonrecurr ing 

cos t  per machine decreases, but  the number o f  machines must increase t o  keep 

product ion l e v e l s  constant wi th the  now increased down time. 

optimum f a i i u r e  r a t e  e x i s t s :  a t  approximately four  times the  basel ine compo- 

nent f a i l u r e  ra te,  the  t r a d e o f f  between i n i t i a l  cos t  per machine and number 

o f  machines r e s u l t s  i n  a minimum nonrecurr ing cost  o f  about $7.2 b i l l i o n ,  

compared t o  a basel ine aonrecurring cost  o f  $11.6 b i l l i o n .  

Therefore, an 

S imi la r ly ,  Fig.  4.5 shows the r e l a t i o n s h i p  between r e l i a b i l i t y  and 

number o f  machines for  the r e c u r r i n g  costs. 

creasing r e p a i r  costs. 

but  a l l  machines have a non-zero minimum maintenance requirement, and as t h e  

procurement cost  increases, so does the cos t  o f  spare par ts .  A mininum re-  

c u r r i n g  cost  c o i n c i d e n t a l l y  ocrurs a t  a f a i l u r e  r a t e  about t h a t  o f  t h e  base- 

l i n e  assumptions o f  r e l i a b i l i t y .  

Increas ing f a i l u r e s  creates in -  

Decreasing f a i l u r e s  should decrease r e p a i r  costs,  

Although several man-years (and CPU-days) o f  e f f o r t  could be spent i n  

fu r ther  v a r i a t i o n  o f  parameters studies, two basic conclusions come o u t  o f  

t h i s  cost ing analysis.  The f i r s t  i s  t h a t  the t o t a l  SMF system costs, der ived 

from the best estimates o f  machine c h a r a c t e r i s t i c s  as presented i n  the  
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baseline SMF design, are $11.€ b i l l i o n  for nonrecurring, and  $1.2 b i l l i o r l  per 

year for recurring costs, 

duction of the same product, one solar power s a t e l l i t e  per year. 

These costs are competitive w i t h  ground-base pro- 

The second 

is  t h a t ,  based WI an assumed relation between nonrecilrring parts costs a n d  

re l iab i l i ty ,  optimum fai lure  rates exist  which result i n  minimum nonrecurring 

and recurring costs. However, these minima generally do not  occur a t  the 

same fai lure  rate. A further braaeoff study between i n i t i a l  and yearly costs 

i s  necessary. 

The l i f e  cycle cost: for the SMF prcducing one SPS per year for  twenty 

years a t  a disczunt ;-?te o f  10% follows direcly from F i g ,  4.2  and i s  shown 

i n  Fig.  4.6 .  

and do not  include either the lunar base or t2rrestr ia?  f a c i l i t i w  iuch a s  

Again,  i t  must be emphasized t h a t  thes? are SMF incurred costs 

the rectenna ana distribution systems, a s  well as opera:ing costs for these 

faci 1 i t i e s  . 
Finally, i t  must be emphasized t h a t  cost  estimates of  f u h r e ,  And specu- 

0 

la t ive,  space systems must inevitably be based on a hiSh degree o f  uncertainty. 

In this section the study g r o u p  has attempted t o  demonstrate the effects of 

varying one of  the parameters whicii has t h e  greatest degree of uncertainty: 

failure rate of equipment a n d  hence machine duty cycle. 

possible t o  conduct similar parameter v a r i a t i o g  analyses w i t h  other o f  t h ( ?  

many sensictive parameters o f  the system, such as transportation costs, pro- 

ductivitv o f  labor i n  space, a n d  t he  many factors discussed i n  Chapter 12  and 

13 of  the main report; however the above example i s  sufficiently i l lus t ra t ive  

of  the sensit ivity o f  costs t o  the assumptions used in this analysis. 

I t  i s  Qf cmrse 

39 



4 x10 

SMF PO-YEAR 
DISCOUNTED L I F E  CYCLE 

I - - - ¶ - - -  
w - - - i - - - r - - - i - -  

¶ - - - S -  - ,'8 - ,4 .4 .8 
LOG (NORMA: ' Z E D  F A I L U R E  RATE) 

FXGURE 4 . 6  

4 0  



Another area o f  uncertainty ittvtlves the cost o f  developing the special- 

ized equipment for the 91F. 

baseljne of  Table 4.; a n d  p a r t l y  by an a d d i t i o n a l  process development and 

systems integration ccst assigned t a  each of t h e  sixty processes which make 

up the SMF. 

the assumption t h a t  space r a t i n g  would add new operational constraints re- 

quiring further development. 
6 6 Appendix and varies frcim $10 x ? a  t o  $100 x 10 depending on complexity and 

maturity o f  the process. 

systems, the upper limit to new and novel space oriefited concepts. 

This cost i s  co*dered partly by t h e  R I D  costing 

These costs were assigned even t o  a well established process on 

The cost for each process i s  l i s ted  i n  the 

The lower amount was applied to well developed 

As mentioned previously the costs presented here are based on extensive 

discussions w i t h  organizations well acquainted w i t h  the te r res t r ia l  acglica- 

t i o r  o f  most o f  the processes used. 

tion o f  this  collective experiecce t o  an operating Fystem 

highly subjective process. 

wlll result  i n  different estimates as t o  the baseline costs. 

t h a t  the degree o f  detail used in defining the SMF and i t s  many subsystems 

as well as the f lexibi l i ty  built  i n  t o  the costing algorithms will allow 

readers t o  arrive a t  their  own conclusions as t o  the system cost. 

However, i n  the  final ana'ysis, transla- 

in space i s  a 

Different experiences and different view points 

i t  i s  hoped 

The costs presented here shou?d be considered as f i r s t  estimates only, 

,D best available information a n d  on as detailed a component based on 

breakdown as time permitted. 

i s  a n  a t t ract ive choice for t h e  manufdcture o f  SPS,  and probably other space 

hardware, worthy o f  further investigation. 

As such they indicate t h a t  the proposed concept 
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5. Technoloqy Evolut ion and Systems Trabeoffs 

5.1 Technoloay Evolut ion Dmqram 

The development steps required t o  es tab l i sh  the  technology f o r  t h i s  SPIF 

have been S-ai {zed f r o m  the  discussions o f  Chapter 12 o f  Volume 11 as fo l lows:  

1. R&D: METALS FURNACES AND CASTERS 

Conceptual studies o f  furnace opt ions 

Refractory mater ia l  t e s t s  

Metal s o l i d i f i c a t i o n  experiments 

Continuous cas ter  desfgn 

Die cas ter  and large-piece caster design 

Prototype furnaces 

Protot3pe casters 

Space prototypes o f  furnaces and casters 

Prototype s lab  c u t t e r  

2. R&D: RIBBON AND SMF OPERATIONS 

Prototype r o l l  i ng m i  1 i 

Prototype e lec t ron  beam c u t t e r s  

Protatype e lec t ron  beam welders 

Prototype r i  bbon s l  i c e r  

Development o f  s t r i a t e d  heat pipes and heat pipe f l u i d s  

Prototype s t r i a  t o r  

Prototype form r o l l e r  

Design o f  sheet layout  and k l y s t r o n  r a d i a t o r  assembly s t a t i o n  

Prototype of sheet layout  and k l y s t r o n  r a d i a t o r  assembly s t a t i o n  

Design o f  DC-DC converter r a d i a t o r  assembly device 
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Prototype DC-CC converter radiator assembly device 

Integratioc o f  I-i tbon  and sheet cperations ground prototypes 

Space prototypes of roll ing mill, ribbon slicer, and striator 

Space prototypes o f  integrated zheet 2nd ribbon devices 

3. RLD: INSULATED WIRE FRODUCTION - 
Design of glass fiber producer 

Space experiment o f  fiber production 

Prototype glass fiber producer 

Prototype insulation winder  

4.  R I D :  DC-DC CONVERTER PRODUCTION 

Pro to typc 3 1  d r i l l  

Proto :ype w I nder 

Definitiov and .-st of  assembly tasks 

5 .  R&D : KLYSTRON PRODUCTION 

DesiSn o f  klystron and klystron assembly production sequence 

Pro to  type klystron as sernbl y producti on equi pen t  

Space prototypes D f  klystron assembly production equipment 

6. R&D: SOLAR CCLL F?ODUCTION 

Continuous review o f  developments i n  solar  ce l l  production techniques 

Conceptual studies o f  solar cell  production systems 

Conceptual study and space experiments on zone refining 

Prototype zone refiner 

Space prototype zone refiner 

Conceptual study and space experiments on direct vaporization 
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Prototype d i r e c t  vapor izat ion devices 

Prototype i o n  implantat ion devices 

Conceptual studies and experiments on r e c r y s t a l l i z a t i o n  

Space experiments on r e c r y s t a l l  i r a t i o n  

Prototype r e c r y s t a l  1 i t a t i o n  devices 

Space experiments on i o n  imp lan ta t ion  damage anneal 

Prototype i o n  implantat ion damage annealer 

Pmtotype of direct vaporizer with mask and mask clean-up device 

Space experiment o f  f r o n t  contact  s i n t e r i n g  

Prototype o f  f r o n t  contact  s i n t e r i n g  device 

In tegra ted  space prototypes of so la r  c e l l  deposi t ion 

Conceptual study and experiments on l a s e r  c u t t i n g  of s o l a r  c e l l s  

Prototype s o l a r  c e l l  cross c u t t e r  and long i tud ina l  c u t t e r  

Prototype d i r e c t  vaporizer f o r  interconnects 

Prototype s o l a r  c e l l  interconnect ion device 

Conceptual studies o f  o p t i c a l  cover and substrate product ion opt ions 

Prototype panel a1 ignment and i n s e r t i o n  device 

Prototype kapton tape app l i ca to r  

Prototype a r ray  segment packager 

In teg ra t i on  of c e l l  interconnect ion and panel/array bu i ldup prototypes 

In tegra ted  space prototypes o f  c e l l  interconnect ion and panel /array 

bui ldup devices 

Spzce prototype of  complete so la r  c e l l  production s t r i p  
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7. RLD: WAVEGUIDE PRODL'CTION 

Conceptual studies and development o f  foamed glass f o r  waveguides 

Design o f  space powder mixer 

Space prototype of powder mixer 

Space experiments on glass fDaming 

Design o f  g lass foaming f a c i l i t y  

Prototype glass foaming f a c i l i t y  

Prototype foamed glass sawcutters 

Experiments on foamed glass smoothing 

Prototype foamed glass smoother 

Prototype waveguide A1 d i r e c t  vapor izer 

Prototype l a s e r  cu t te rs  f o r  foamed glass 

Design of waveguide assembler and waveguide packages 

Prototype waveguide assembler and waveguide packager 

In teg ra t i on  o f  waveguide product ion prototypes 

Space prototype o f  waveguide product ion system 

8. RLD: SUPPORT EQUIF'lENT 

Design and ground tes ts  o f  input /output  s t a t i o n  

Design and ground t e s t s  o f  i f i t e rna l  t ranspor t  and storage devices 

Design and ground tes ts  o f  crawlers 

Design and ground tes ts  o f  power p lan t  components 

Design and ground t e s t s  o f  product ion cont ro l  systems 

Design and ? r o u n d  t e s t s  o f  hab i ta t i on  ccmponents 

Design an3 ground tes ts  o f  stat ion-keeping and a t t i t u d e  c o n t r o l  equipment 
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Design and ground tes t s  of SMF structure components 

Design and ground tes ts  of  repair shop components 

Design and ground tes t s  of free-flying teleoperators 

Integrated space prototypes of habitation, input/output s ta t ion,  and 

mpai r shops 

Integrated space prototypes o f  internal transport and storage devices, 

crawlers, station-keeping and at t i tude control equipment and structure 

Space prototype of free-flying hybrid teleoperator 

5.2 System Tradeoffs 

The SMF design which has evolved from this study is  a reference design 

and only the obvious trad2offs hsve been considered i n  i t s  evolution. 

optimizatfon o f  an SMF would require much deeper analysis of the var ious  

alternate candidate systems t h a n  was possible w i t h i n  the time and cost con- 

s t ra in ts  of this study. The required tradeoffs are discussed i n  Chapter 13 

of Volume 11, and may be l is ted as follows: 

F ina l  

1. 

2. Effect of SPS mass increase 

3. Tradeoffs i n  lunar refining 

4. Transportation from the moon 

5. SMF production control tradeoffs 

6.  Waste reprocessing a t  the SMF 

7. SMF b u i l d u p  sequence 

8. Location of f ac i l i t i e s  

Optimization of product for use of lunar materials 
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6 .  C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S  

6.1 : C O N C L U S I O N S  

1 .  T h e  space  manufac tur ing  f a c i l i t y  i s  t e c h n i c a l l y  

f e a s i b l e ,  i n  t h a t  a f a c i l i t y  can be b u i l t  which can t u r n  

l u n a r  m a t e r i a l s  i n t o  t h e  r e q u i r e d  o u t p u t s .  Such a f a c i l i t y  

can be o p e r a t e d  i n  s p a c e  on a con t inuous  b a s i s .  

2 .  The produc t ion  o p e r a t i o n s  o f  the  SHF a p p e a r  ve r sa t i l e ,  

i n  t h a t  the f a c i l i t y  can produce a w t d e  v a r i e t y  o f  p r o d u c t s ,  

from s t r u c t u r a l  members t o  s o l a r  c e l l s  t o  k l y s t r o n  a s s e m b l i e s .  

T h e  s t u d y  group concludes  t h a t  a wide range  o f  s a t e l l i t e  com- 

ponents  can be manufactured i n  space ,  w i thou t  e x t e n s i v e  modi- 

f i c a t i c n s  t o  t h e  r e f e r e n c e  SMF. 

3 .  T h e  S M F  concept  i s  a l s o  f l e x i b l e ,  meaning t h a t  space  

manufacut r ing  f a c i l i t i e s  can be des igned  f o r  a wide r a n g e  of  

p raduc t ion  r a t e s .  For example,  a small  s o l a r - c e l l  p r o d u c t i o n  

o p e r a t i o n  can be s e t  u p  by u s i n g  a smal l  number o f  p r o d u c t i o n  

s t r i p s .  Most o f  t h e  r e f e r e n c e  S M F  can be s c a l e d  u p  o r  d o w n ,  

a n d  o p e r a t e d  over  a range o f  regimes.  T h u s  commitment t o  the  

use o f  an SMF does n o t  e n t a i l  commitment t o  a l a r g e  o u t p u t  

r a t e ;  small  Sf- IF 's a r e  p o s s i b l e .  

4 .  The r e f e r e n c e  SMF a l s o  appea r s  p r o d u c t i v e ,  i n  t h a t  i t  

produces a y e a r l y  oL tpu t  w i t h  roughly t e n  t imes  t h e  mass o f  

t h e  p roduc t ion  equipment .  I t  should  be noted  t h a t  rough ly  

4 5 %  o f  t h a t  o u t p u t  i s  s o l a r  c e l l s ,  which c u r r e n t l y  have a f a r  

lower ( o u t p u t  r a t e ) / ( p r o d u c t i o n  equipment mass) r a t i o .  
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5 .  The space  environment can improve i n d u s t r i a l  o p e r a -  

t i o n s ,  provided t h a t  t h e  SMF processes  a r e  chosen and d e -  

s i g n e d  t o  t a k e  advan tage  o f  the  c h a r a c t e r i s t i c s  of  s p a c e ,  

s p e c f f i c a l l y  t h e  r e a d i l y  a v a i l a b l e  vacuum and ene rgy ,  a n d  

the  l o w - s t r e s s  environment  o f  zero-9.  The SMF envi ronment ,  

bo th  p h y s i c a l l y  and economical. ly,  i s  d i f f e r e n t  t h a n  E a r t h ' s  

and i n  many c a s e s  b e n e f i c i a l .  

6 .  E v a l u s t i o n  o f  t h e  l u n a r - m a t e r i a l  o p t i o n  r e q u i r e s  more 

i n - d e p t h  sys tems s t u d i e s ,  t r a d i n g  o f f  t h e  v a r i o u s  s c e n a r i o  

pa rame te r s  ( e .g .  c h a r a c t e r i s t i c s  o f  l u n a r  b a s e ,  t r a n s p o r t a -  

t i o n  sys t ems ,  SMF, assembly s t a t i o n ,  and o u t p u t  SPS). 

7 .  Technology demons t r a t ion  p r o g r a m s  a r e  needed t o  v e r i -  

f y  sugges t ed  p r o c e s s e s .  In-space  p r o t o t y p e s  need not  be 

l a r g e ,  b u t  can b e n e f i t  f rom a permanent o r b i t a l  p l a t f o r m .  

8 .  Based on  9 SPS/year  t h e  S M F  w i l l  r e q u i r e  n o n - r e c u r -  

r i n g  c o s t s  o f  $11 .6  b i l l i o n  i n c l u d i n g  R & 0, procurement ,  

t r a n s p o r t a t i o n  and power supp ly .  Annual r e c u r r i n g  c o s t s  o f  

$1 .2  b i l l i o n  w i l l  be r e q u i r e d  a n d  a n  o p e r a t i n g  crew o f  440. 

- 6.2: R E C O M M E N D A T I O N S  

1 .  Conduct systems c r a d e o f f s  o u t l i n e d  i n  C h . 1 3  o f  V01.11 

l e a d i n g  t o  a n  op t imized  space  m a n u f a c t u r i n g  s c e n a r i o  u s i n g  

l u n a r  m a t e r i a l s .  

2 .  Design a s m a l l e r ,  nea r - t e rm,  technology demons t r a t ion  

s p a c e  manufac tQr ing  f a c i l i t y  u s ing  t e r r e s t r i a l  m a t  ? r i a l  inpu t s ,  

p o s s i b l y  l o c a t e d  i n  L E O ,  i n c l u d i n g  a p p r o p r i a t e  e l emen t s  o f  

t h e  technology e v a l u a t i o n  program o u t l i n e d  i n  Chapter  1 2  o f  

V o l .  1 1 .  4 8  



3 .  Examine the p o s s i b i l i t i e s  o f  u s i n g  space s p e c i f i c  

processes  t o  manufacture products compet i t ive ly  f o r  t e r r e s -  

t r i a l  consumption. Several s u c h  candidate processes  have 

been i d e n t i f i e d  by t h i s  study. 


